The possibility of achieving templates of highly ordered nanostructures with crystalline nanoobjects embedded inside an amorphous matrix is addressed. Atomic force microscopy and grazing incidence small angle X-ray scattering (GISAXS) are used to probe the morphology at the surface and inside thin films of the diblock copolymer polystyrene-block-poly(ethylene oxide) P(S-b-EO). Directional benzene vapor flow introduces the orientation of PEO cylinders inside the PS matrix. Within a limited film thickness regime, the cylinders are oriented parallel to the sample surface in domains of several micrometers due to shearing effects caused by the flow of benzene vapor in parallel to the polymer surface. The crystallization of the PEO block by the benzene vapor treatment is also observed and crystals with sizes that approach that of the confined PEO domains are formed. Perpendicular orientation of the PEO crystalline stems with respect to the PEO cylindrical nano-domains is deduced with grazing incidence X-ray diffraction (GIXRD). X-ray reflectometry and scanning electron microscopy (SEM) complement the investigation.
Introduction
In recent decades diblock copolymers (DBCs) have attracted immense attention for their role in nanotechnology applications. [1] The ability of DBCs to create ordered nanostructures, as well as the ease with which they can be processed at low cost, open potential opportunities in surface patterning as a replacement for the time-consuming and costly conventional lithographic technique. [2, 3] Moreover, the soft nano-structured DBC film can also be used as a template for patterning of hard inorganic materials, such as metal nanoparticles. [4] [5] [6] [7] [8] [9] [10] [11] The chemically distinct and immiscible polymer blocks of the DBCs go through a self-assembly process during the microphase separation forming an ordered pattern on a scale of nanometers.
An expedient tunability of the size, shape, and periodicity of the microphase-separated domains is achieved by manipulating the DBCs' molecular characteristics. A fine control over long-range ordering of the microdomain structures allows the fabrication of integrated microand nano-systems with a high degree of complexity and functionality. [12] [13] [14] However, the selfassembly process generally produces structures that lack long-rang order with a population of uncontrolled defects. [15, 16] Thus currently, it is still a challenge to produce highly ordered DBC nano-domains over large areas with controlled and preferred orientation of the blocks.
Therefore, directional self-assembly is a must for precise control over the alignment of the emerged morphologies. So far, several techniques have been successful in achieving an enhanced morphology alignment of DBCs by precisely localizing the nano-sized domains;
these have included chemical, [17, 18] and topographical [15] patterned surfaces as well as external fields, viz., surface, [19, 20] mechanical, [21] electric, [22] and solvent evaporation. [16, [23] [24] [25] [26] However, mostly DBCs with two amorphous blocks were mainly focused on and less attention was paid to DBCs with one crystalline block. Possible crystallization of one block can inhibit the development of highly ordered micro-phase separation structures. Moreover, diblock copolymers with one crystalline block offer the possibility to achieve crystalline nano-objects in a matrix of amorphous polymer. Such types of templates are highly promising for applications in advanced electronics based on polymer templates.
Recently, Russell and coworkers [23] have employed a unidirectional solvent evaporation method that helps the self-assembly process of the DBC to be directed normal to the film surface. During the slow evaporation stage, the initial order at the polymer surface gradually
propagates from the polymer-vapor interface to the polymer-surface interface, thereby creating highly ordered and preferentially oriented cylinder morphology of the DBC. In the latter study, [23] evaporation in the solvent annealing step was employed to be oriented vertically with respect to sample surface.
In the present investigation, we focus on a DBC system with one crystalline and one amorphous block. We used polystyrene-block-poly(ethylene oxide) DBC films, denoted P(Sb-EO) that forms cylinder morphology with parallel orientation relative to the surface plane.
Poly(ethylene oxide) based diblock copolymer is important material for applications related to solid-state batteries and fuel cells. The PEO blocks in DBCs is the polymer segment that can solvate and accommodate lithium ions for nano-structured polymer membrane with high ionic conductivity. [27] Here, we perform a novel type of solvent vapor treatment of the spin-coated cylinder forming DBC film to achieve highly ordered nano-patterns. It is based on solvent vapor flowing parallel to the polymer film surface. An induced crystallization via vapor treatment of the polymer film is observed for all film thicknesses.
Experimental
Substrate cleaning and thin film preparation: Glass substrates (2.5 x 7.5 cm 2 ) were cleaned as follows [28] : sonication in dichloromethane at 35 °C for 15 min, water-rinsing for 5 min, and then soaking in a cleaning bath at 80 °C for 15 min. The cleaning solution was composed of 100 ml of 96% H 2 SO 4 , 35 ml of 35% H 2 O 2 , and 65 ml deionized water. The Real-space and reciprocal-space film characterizations: Characterization of the microstructure, surface morphology and thicknesses of the DBC films was carried out with X-ray reflectometry (XR), scanning electron microscopy (SEM), atomic force microscopy (AFM), and optical microscopy. The DBC film thickness was measured using XR before the solvent annealing step, using a laboratory Siemens D5000 X-ray source. The XR measurements were performed at a wavelength of 0.154 nm (Cu K α radiation) in air. The reflectivity data were analyzed within the Parratt approach [29] using the Motofit software [30] assuming a model which consists of a silicon substrate with its native oxide layer and a polymer layer on the top. Optical microscopy images with various magnifications between 2.5-100 times were collected for the polymer films using a Zeiss Axiotech 25H optical kHz with a silicon conical tip of a typical radius of 10 nm were used.
Grazing-incidence X-ray diffraction (GIXRD):
GIXRD experiments were performed at the beamline BW2 at HASYLAB (DESY, Hamburg) with a wavelength of λ = 0.124 nm.
[31] The samples were mounted in a Kapton chamber which was flushed with He gas to minimize both sample damage and air scattering. The angle of incidence was chosen at 0.25°, and the scattered radiation was collected as a function of the angle 2θ in the film plane at a small exit angle α f using a scintillation detector. In this way, the intensity was recorded in dependence of the moment transfer q || in the surface plane, giving information on the in-plane crystalline structure. The selected incidence angle is much larger than the average critical angle of the polymer film (α c =0.139°) allowing bulk sensitive GIXRD measurements.
Grazing-incidence small-angle X-ray scattering (GISAXS) measurements:
The GISAXS measurements were carried out at beamline BW4 [32] of the DORIS III storage ring at HASYLAB (DESY, Hamburg). In GISAXS, the incoming X-ray beam impinges onto the sample surface at a small incidence angle α i , and the scattered signal is collected using a 2D
detector. The selected wavelength was λ = 0.138 nm. The pathway of the X-ray beam was evacuated and the beam was focused to the size of 30 x 60 µ m 2 using an assembly of beryllium lenses. The X-ray beam divergence in and out of the plane of reflection was set by high-quality entrance cross-slits. The two dimensional detector (MARCCD; 2048 x 2048 pixels) was placed at a distance of L SD = 2 m behind the sample. For the experiments presented here, a rod like beam stop made of tantalum with a diameter of 1.5 mm, mounted close to the detector, was used to protect the detector from the intensely reflected beam in the scattering plane. In addition, a point-like movable beam stop in front of the detector was used to block the specular reflection of the sample. The used incidence angle α i =0.49° is well above the critical angle of both, the DBC film and the substrate (α c (PS)= 0.154, α c (PEO) = 0.161°, α c (Si) = 0.22°); therefore, the Yoneda peaks [33] of both materials and specular peak are well separated on the 2D detector. At this angle of incidence, both the surface and bulk nanostructures of the polymer film are accessible. [34, 35] Structural information is obtained with horizontal slices (q y ) of the 2D intensity distribution with Δq = 1.79x10
Results and discussion
With the selection of P(S-b-EO) a DBC with one amorphous and one crystalline block is addressed, which can exhibit an interplay between micro-phase separation and crystallization.
Therefore such system offers the opportunity to install large areas of highly ordered crystalline nano-objects. The well known and simple mechanism [23] of solvent evaporation via propagation of a well-ordered front from the surface into the bulk of the polymer film cannot explain the installed parallel cylinder morphology in our samples. Instead, an improved alignment of the DBC thin film morphology by an induced shearing effect via directional vapor flow is introduced.
a) Influence of film thickness
To work out the effect of film thickness, three different DBC film thicknesses (30, 65 , and 87 nm) were studied and annealed in saturated benzene vapor under different solvent environmental conditions.
With respect to the polymer film thickness, different micro-phase separation morphologies and crystallization behaviors are observed. For a thin DBC film (30 nm), small square-shaped crystals dispersed in the film are obtained (see Figure 2a) . The flat square-shaped crystals are formed by a reorganization process of the film so that PS chains flip to the top of the PEO crystals during the crystallization step. The crystallization process of the PEO in the thin PEO containing DBC films has previously been observed [36, 37] and dewetted polymer film were also obtained (see Figure 2a) . In contrast, for the thicker film (87 nm), aggregates of crystalline PEO (Figure 2b ) grow from a sheaf-like central structure and behave similar to those known for spherulite crystals of pure PEO films. [38] Both, the fully crystallized thick films (87 nm) and the square-shaped crystal-forming polymer thin film (30 nm) do not show any distinct ordered nano-structures caused by micro-phase separation. Neither SEM and AFM nor GISAXS show a well ordered nano-scale structure at the surface or in the bulk of the P(S-b-EO) films.
The crystallization behavior of the DBC films exposed to vapor flow is thus thickness dependent. Generally, it is assumed that the crystallization of DBCs (composed of one semicrystalline block and one amorphous block) proceeds via chain aggregation of the crystallizable block (PEO) in a limited manner due to constrains imparted by the linked amorphous block. [39, 40] However, the high mobility of both polymer blocks (PEO and PS) in a good solvent (solubility parameter of benzene, δ = 18.8 MPa Such high mobility of both blocks in a good solvent enables unhindered chain folding by the strong driving force of the crystallization process. The crystallization that results in spherulites formation, for instance, is not influenced by the PS confined environment. It has been recently reported [41] that the crystallization growth in cylindrical geometries of microphase separated DBCs films can lead to the destruction of the mesophase pattern, allowing for a break-up crystallization. Therefore, the crystallization forces are incomparably stronger than the micro-phase separation process involved in the self-assembly of amorphous DBCs films. [42] For an intermediate value of the film thickness (65 nm), however, a partially crystalline polymer film with surface terraces consisting of finger-like crystalline domains is observed as revealed from the real-space characterizations including optical microscopy (see Figure 2c ), scanning electron microscopy (see Figure 3) , and atomic force microscopy (see Figure 4 ).
Upon benzene vapor treatment, polystyrene domains sandwiched between crystalline PEO domains in P(S-b-EO)
are observed in areas between the large non-regular crystalline domains of the polymer film. The striking observation in the current study is the formation of highly oriented cylinder morphology (see Figure 4a ,b) via benzene treatment of the polymer film (with thickness 65 nm) with the vapor flow parallel to the sample surface. In the next section the installation of this special surface structure is discussed.
b) Installation of highly ordered micro-phase separation structure
The benzene vapor treatment of the DBC samples (necessary to achieve the highly ordered nanostructures) was performed in a controlled humidity of 30% at room temperature with a vapor flow speed of 0.2 m/s inside a fume hood (see Figure 1) . A random orientation of PEO cylinders (in a PS matrix) parallel to the film surface is observed (see Figure 4a ) for the same sample exposed to benzene vapor without using the flow effect (fume hood is turned off).
Parallel vapor flow speed of 0.2 m/s in the unsealed annealing set-up reveals that the cylinder domains are preferentially oriented by the directional flow of benzene vapor during the annealing step. The morphologies with and without the vapor flow in an unsealed vapor annealing set-up were reproducible.
The structural characteristic in terms of dominant length scales is obtained from GISAXS. [35] The GISAXS patterns of the polymer films (thickness 65 nm) with and without the parallel vapor flow to the sample surface are presented in Figure 5 . A similar lateral spacing (31 nm) between the two neighboring PEO cylinders is observed irrespective of the vapor flow while a highly orientated morphology is imparted, as revealed from both the second order scattering rod in the GISAXS pattern (see Figure 5 ) and the AFM data (see Figure 4a ,b). A second order rod-like peak at the position 2q* in the GISAXS data confirms the highly ordered polymer morphology of PEO cylinders being parallel in orientation with respect to the surface plane (see Figure 6 ). We attributed the highly oriented morphology of the nano-structured polymer film to vapor flow shearing effect. Interestingly, an increase of the vapor speed (created by increasing the suction fan speed of the operated hood) led to a depletion of the polymer film in the benzene vapor surrounding (see Figure 2c ).
For the polymer films treated at the benzene vapor flow speed of 0.2 m/s, it was possible to obtain large scale ordered surface areas. Typically these areas of highly-oriented parallel PEO nano-cylinders are 7 μm in size. Domains of different orientations coexists (see Figure 4c) and are separated by break-out large irregular crystalline areas. Microscopic images (see Figure 2c) show that oriented macroscopic structures are present at the edge of the samples and around the deformed large crystallites. The polymer film (thickness 65 nm) under high vapor flow deforms evenly in one direction where no crystals exist, while at areas with large crystallites the deformation takes a circular shape (see Figure 2c ).
c) Interplay with crystalline structure
To get a better understanding of the interplay between highly ordered micro-phase separation structure and crystalline structure, GIXRD experiments were performed on the P(S-b-EO) film of intermediate thickness (65 nm). The in-plane GIXRD data of the vapor-annealed polymer film show only one Bragg reflection peak, indicating that the film is not fully crystallized (see Figure 6 ). The high-resolution scan of this Bragg peak is shown as an inset in Figure 6 . Based on the monoclinic PEO crystal, the unit cell has four helical molecules along the c-axis (chain axis). [43] Several reflections in the reciprocal space have been previously identified by rotating a highly ordered PEO crystal around its c-axis. [43, 44] The strongest (120) reflection has an angle of 90° with respect to the c-axis and a d-spacing of 0.463 nm. The GIXRD Bragg peak we have observed in case of the 65 nm thick film is thus assigned for the (120) plane of an oriented PEO monoclinic crystal and suggests that the c-axis of the unit cell is oriented perpendicular to the film surface. [37] The chains are packed regularly together along the c-axis and perpendicular to the cylinder axis (as shown schematically in Figure 6 ).
Recently, it has been reported [37, 43] that for lamella forming P(S-b-EO) diblock copolymer the crystal orientation (the c-axis of the PEO crystals) can change from random to perpendicular, then to inclined, and finally to parallel with respect to the lamellar surface, depending on the crystallization temperature. With respect to the surface plane in our sample, the perpendicular orientation of the PEO crystalline stems should be considered as an average orientation due to the tethering of the confined PEO block at the interface. A perfectly oriented crystal cannot be assumed. For the PEO nano-domains (cylinders) embedded inside the PS matrix in our polymer film, the crystallization is relatively highly oriented (see Figure 6 ) and approaches sizes that are of the order of the cylinder diameter (confining size). The apparent mean PEO crystal size along [hkl] direction in the 2D PS-confinement is calculated using the Scherrer equation. The resulting mean PEO crystal size of 7.8 nm perfectly matches the full diameter of the PEO cylinder 8.8 nm domains, indicating high crystallinity within the PEO cylindrical domains. Thus, the crystals grow along the cylinder axis and favor a perpendicular orientation of the PEO crystal stem with respect to the surface plane as schematically depicted in Figure 6 .
The absence of any out-of-plane GIXRD reflection is an additional proof of preferential PEO stem direction perpendicular to the film surface for all different PEO crystallites including the break-out crystals.
A possible mechanism for the formation of a crystalline nano-cylinder morphology embedded into an amorphous polymer matrix can be proposed via the reorganization of the whole polymer film. Upon solvent vapor treatment, the formation of macroscopic crystallite centers with extended finger-like crystalline domains may migrate parallel to the surface forming the mesoscopic structure. Finger-like branched patterns were previously observed for low molecular weight P(S-b-EO) block copolymer thin films in quasi-2d geometry. [45] The directional solidification of semicrystalline PEO during the spherulite formation has a radial direction from the nucleation center. Such directional crystallization may provide an alignment along the gradient as the nucleation is suppressed ahead of the solidification front.
In the direction of higher mobility of the crystals, the association of neighboring growing fingers is much less as a result of low availability of free molecules and hence, PEO cylinders in the nano-scale size are formed and intercalated between two domains of PS blocks.
Our results, however, do not support the proposed mechanism via an extended crystalline finger for the formation of nano-structured polymer morphology. AFM measurements at the boundaries between the large macroscopic crystallites and the nano-cylinders locations (see Figure 4d ) do not show a smooth transition from the large crystalline centers into the nanometer size-ordered structures. In other words, no crystalline finger-like domains extend into the nano-cylinder domains.
Prior to the vapor annealing stage, a cylinder-forming phase-separated polymer film via the repulsion interaction of incompatible polymer blocks (by micro-phase separation) has also been observed following the spin coating step. Therefore, we assume that during the vapor treatment some of the phase-separated PEO cylindrical domains (see Figure 4) are not involved in the macroscopic polymer mobility process (hence the formation of irregular large crystalline areas) and instead undergo local crystallization on a length scale that is superposed by the mesoscopic structures.
Conclusion
The formation of the highly oriented crystalline cylinder morphology under the influence of directional parallel benzene vapor flow produces a preferential orientation in the polymer morphology of the P(S-b-EO) DBC. It reveals that with the help of the directional vapor flow a crystallization-induced morphology alignment in DBC thin films is possible. The highly parallel oriented cylinder morphology of the polymer film is explained by the vapor flow induced shearing effect rather than an initial order front propagation. As compared to DBC morphologies achievable with DBCs with two amorphous blocks, the domain size however is still limited to several micrometers due to the interplay with crystallization. Although we focus only on one particular diblock copolymer, namely P(S-b-EO), this might be a general phenomenon in semicrystalline diblock copolymer thin films. Figure 6 . In-plane GIXRD intensity profile of the film with 65 nm thickness after treatment in parallel benzene vapor flow. The high resolution scan of the single Bragg reflection (120) peak is shown in the inset. A schematic drawing shows the orientation of the homogeneous crystal within the confined cylinder.
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